To identify DNA elements involved in the initiation of rRNA transcription m yeast we located the start site of the rRNA operon of Kluyveromyces lactis and Hansenula wingei, both members of the Saccharomycetoideae, by SI nuclease analysis and determined the surrounding nucleotide sequences.
INTRODUCTION
Initiation of transcription is an important level at which gene expression is controlled. Signals regulating the initiation of the mRNA synthesis by RNA polymerase B, and the 5S rRNA and tRNA synthesis by RNA polymerase C are now identified as short, conserved sequence elements (1) (2) (3) (4) (5) . At present the knowledge about sequences important for controlling the initiation of transcription by RNA polymerase A, which synthesizes rRNA in the nucleolus, is much more limited. The transcription initiation sites of the rRNA operons have been determined for several species. Comparison of the nucleotide sequences of these initiating regions from yeast (6) (7) (8) , mouse (9) (10) (11) , Xenopus laevis (12) (13) and Drosophila melanogaster (14) revealed little or no homology. This lack of homology suggests that an RNA polymerase A promoter evolves more rapidly than promoters for RNA polymerases B and C. The reason for this might be found in the fact that RNA polymerase A interacts with only one type of transcription unit whereas the B and C enzymes transcribe numerous different genes. This should put a much higher evolutionary constraint upon the promoters for the latter two enzymes as compared to the promoter for RNA polymerase A. The recently observed species specificity of in vitro transcription of man, mouse and protozoan rDNA (15, 16) suggests that the RNA polymerase A promoter co-evolves with one or more genes coding for (a) subunit(s) of the polymerase or (a) transcription factor(s). It has been proposed that the rate of this co-evolution is relatively high as a result of the homogenization process acting upon the array of rDNA units and hence upon the RNA polymerase A promoter (17) . Identification of RNA polymerase A promoter elements by sequence comparison might therefore succeed only when the species analysed are sufficiently closely related. Indeed comparison of the appropriate sequences of three Xenopus species (18) revealed an identical sequence from position -9 to +4 in addition to homology further upstream. Also three mammals (mouse, rat and human) contain a highly conserved sequence extending from position -9 to +18 (19, 20) . Deletion analysis of the various rDNA templates has proven the functional significance of these conserved elements, which were found to be absolutely required for correct initiation (21) (22) (23) (24) (25) . All these data suggest that, at least in vertebrates, the sequences around the initiation sites for RNA polymerase A play an important role in the promotion of transcription. Although the rDNA units of man and mouse have the same conserved sequence around the initiation sites of their rRNA operons the i_ii vitro transcription of these units requires the complete homologous system (15, 16) .
This suggests that the conserved sequence in the initiating region may not be the only promoter element. One or more additional elements may be present which have diverged too far to be revealed by sequence comparison. Such elements, whose existence indeed has been documented by deletion analysis (21) (22) (23) (24) (25) , might be detected by analysing sequence conservation among a series of species whose evolutionary distance gradually increases. We have tried to apply this strategy in determining the structural elements involved in transcription initiation by RNA polymerase A in yeast. We initially compared the transcription starts of the rRNA operons of S_. rosei and S^. carlsbergensis (26) . This comparison revealed some homologouw sequence elements upstream from the start site as well as an almost perfectly conserved sequence extending from position -9 to at least 120 bp into the external transcribed spacer (ETS). In order to reveal the parts of this extended homologous region with the highest evolutionary constraint we decided to include the more distantly related members Kluyveromyces lactis and Hansenula wingei of the subfamily of Saccharomycetoideae in our comparison (27 DNA preparation. Plasmid DNA for sequencing and SI nuclease mapping were isolated from Escherichia coli HB101 by the "cleared lysate" procedure (28) followed by caesium chloride-ethidium bromide centrifugation. The construction of the recombinants pKlR2, containing the K. lactis rDNA unit, and pHwRl, containing the II. wingei rDNA unit, will be described elsewhere (M.Ph. Verbeet After hybridization of the strand-separated, 32 P-end-labelled 145 bp long DNA-fragment (Sau3AxMspI) and high-molecular-weight RNA of K. lactis, the hybrids were digested with 150 U/ml (lane a) or 500 U/ml (lane b) SI nuclease. The SI nuclease-resistant DNA fragments were fractionated on an 8% (w/v) polyacrylamide gel containing 8 M urea (30) . The sequence ladders prepared according to Maxam and Gilbert (30) from the same fragment are shown in the other lanes. The nucleotide sequence around the start site of pre-rRNA is given and the start -site is indicated by 5'-pre. method of Maxam and Gilbert (30) . Sequencing products were analysed on 8% and 12% (w/v) polyacrylamide gels containing 8 M urea.
RESULTS

The transcription initiation region of Kluyveromyces lactis rDNA
To identify the region containing the transcription initiation site on K. lactis rDNA we performed Southern blot hybridization of digests of pKlR2 (see Fig. 1A ), using as a probe the 730 bp long (Smal-Hindlll) fragment from the S^. carlsbergensis rDNA unit, which spans the transcription start site from about -210 to +520. An analysis of heteroduplexed rDNA molecules of K. lactis and S^. carlsbergensis had shown that a large part of the probe is homologous with sequences in the rDNA of 1C. lactis (results not shown) . digests the sequences homologous with the probe are contained within a 1280 bp long Xbal-generated fragment, the map position of which is illustrated in Fig. 1A .
To establish the orientation of this Xbal-generated fragment with respect to the rRNA gene we constructed a detailed physical map ( Fig. 2A ) and subsequently sequenced both ends of the fragment. The nucleotide sequence
(not shown) of the 150 bp long (Sau3A-XbaI) fragment (see Fig. 2A ) was found to be almost identical with that at the 5'-end of the S_. cerevisiae 17S rRNA gene (33) . Therefore Fig. 2A shows the correct orientation of the 1280 bp long Xbal-generated fragment.
In order to locate the transcription start for the 37S pre-rRNA of K. lactis we performed an SI nuclease experiment with a number of fragments of this Xbal-generated fragment hybridized to high-molecular-weight RNA of K. lactis. The protected hybrids were fractionated by gel electrophoresis and autoradiographed. Therefore, we place the 5'-end of the 37S pre-rRNA at the first A in the sequence 5'-CTTCATGCGAA-3'. We could not detect other protected products even when DNA fragments containing sequences upstream the assigned start position were used as a probe. The sequence around the presumed initiation site is identical with that around the single transcription start of the rRNA operon of S^. carlsbergensis (8) . From this analogy we conclude that the site mapped by SI nuclease analysis is the true transcription initiation site of the K. lactis rRNA operon rather than a processing site.
We have determined the sequence from about 160 bp upstream to about We performed SI nuclease mapping using the 560 bp long (Bglll-Xbal) 32 fragment (see Fig. 3B ), P-labelled at its 5' ends, and high-molecular-weight RNA of H_. wingei. Fig. 3C illustrates that there is only one dominant protected fragment of about 480 nucleotides. This result suggests that the transcription initiation site of the rRNA operon of H^. wingei is located about 900 bp upstream from the 5'-end of the 17S rRNA gene (see Fig. 3B ). For a more precise location of the initiation site(s) we performed an SI nuclease experiment using the 400 bp long (Hpal-SacI) fragment (see Fig. 3B, line (b) ), 5'-end-labelled at the Sad site. Only one dominant SI nuclease-resistant fragment is visible in Fig. 3D , the 5'-end of which is located 90 bp from the (8) ; identical with S^. cerevisiae (7)], S^. rosei (26) , K. lactis and B[. wingei (this paper). Some small shifts (-) were introduced to increase horaology at the aligned positions. Sequences that are identical for at least 6 consecutive bp are qualified as 'highly conserved 1 and indicated by a box with thick, horizontal lines; sequences containing 3 or more bp identical out of 6 consecutive bp are described as 'moderately conserved' and indicated by fully thin-lined boxes.
rRNA operon in H^. wingei can be mapped at the A, indicated by 5'-pre, in the sequence presented in Fig. 3D . (18, 20) and by deletion analyses proven to be absolutely required for correct initiation (21) (22) (23) (24) (25) . These deletion analyses also revealed the presence of another promoter element(s) upstream of the conserved sequences. This latter element was not recognized as a conserved sequence, possibly because the species are either too closely related (the set of Xenopus species (18) and rat vs mouse (20) ) or too different (human vs_ mouse and rat (15, 16) ) .
So far we have no data on the evolutionary distance of the four yeasts used in this comparison and on the species specificity of their RNA polymerase A promoters. If they are all species specific (part of) the relevant sequence constraint may be undetectable; if they are not it may be rewarding to screen the sequences for additional conserved features. In view of the large distance between the conserved sequence in the ETS and the start site of the H_. wingei rRNA operon, it is very unlikely that this highly conserved ETS region has a function in transcription initiation.
Rather we surmise that is plays some other role in ribosome biosynthesis.
